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Abstract
Background: This work analyzes the effect of social isolation (a mild stressor) on the 24-h
variation of pituitary-testicular function in young Wistar rats, assessed by measuring circulating
levels of prolactin, FSH, LH and testosterone.
Methods: Animals were either individually caged or kept in groups (4–5 animals per cage) under
a 12:12 h light-dark cycle (lights on at 0800 h) for 30 days starting on day 35 of life. Rats were killed
at 4-h intervals during a 24-h cycle, beginning at 0900 h.
Results: Isolation brought about a decrease in prolactin, LH and testosterone secretion and an
increase of FSH secretion. In isolated rats the 24-h secretory pattern of prolactin and testosterone
became modified, i.e., the maximum in prolactin seen in control animals at the beginning of the
activity span was no longer detected, whereas the maximum in circulating testosterone taking place
at 1700 h in controls was phase-delayed to 2100 h in isolated rats.
Conclusion: Social isolation affects the 24-h variation of pituitary-testicular function in young rats.
Secretion of prolactin, LH and testosterone decreases, and secretion of FSH increases, in isolated
rats. The maximum in prolactin seen in group-caged rats at the beginning of the activity span is not
observed in isolated rats. The maximum in circulating testosterone taking place at the second part
of the rest span in controls is phase-delayed to the light-dark transition in isolated rats.
Background
Stemming from the seminal work by Cannon and Selye,
stress is defined as "an alteration in the body's hormonal
and neuronal secretions caused by the central nervous sys-
tem in response to a perceived threat" and a stressor is
defined as "a change in an organism's internal or external
environment which is perceived by the organism as
threatening" [1-3]. Within this context, psychosocial stres-
sors like social conflict [4], social isolation [5-7] or over-
crowding [8,9] have been identified.
The most profound change that occurs with individual
housing is an increase in aggression of males seen in both
mice and rats following even relatively brief periods of
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individual housing [10,11]. Individually housed animals
are also hyperresponsive to stressors [12]. For example, in
one study it was found that group size per se had limited
long-term effects on pathophysiological measures of
social stress, although it had a significant influence on
many aspects of behavior when rats were first introduced
into their groups [13]. Over weeks 1–8, single housed rats
continued to spend much more time apparently attempt-
ing to escape (sniffing and chewing at the bars and sud-
denly dashing around their cage) while those housed in
groups spent more time sleeping and feeding [13]. This
indicates that isolation can be considered as a mild stress
for rats.
The objective of the present study was to examine whether
social isolation in growing male rats affected 24-h varia-
tions of activity of the hypophysial gonadal axis. Indeed,
stressors have been shown to modify gonadotropin and
testosterone secretion, acute stressors activating and
chronic stressors suppressing the activity of the hypophy-
sial gonadal axis [14]. It must be noted that, except for
some exceptions [15,16], studies on the subject were per-
formed at single time-points, generally in the morning, a
serious drawback in view of the circadian nature of hor-
mone release for most of the hormones considered
[17,18]. In this study we measured the daily pattern of
plasma prolactin, luteinizing hormone (LH), follicle-
stimulating hormone (FSH) and testosterone levels at 6
different time points within a 24-h cycle in growing male
rats kept in isolation or group-caged for 30 days.
Methods
Thirty five day-old male Wistar rats were kept under stand-
ard conditions of controlled light (12:12 h light/dark
schedule; lights on at 0800 h) and temperature (22 ±
2°C). All experiments were conducted in middle spring
(May). Rats were either put in individual cages (isolated
group) or left in cages of 4–5 animals each. All animals
had free access to food and water for the 30 days of the
study. The experiments were conducted in accordance
with the guidelines of the International Council for Labo-
ratory Animal Science (ICLAS).
Groups of 6–8 rats were killed by decapitation under con-
ditions of minimal stress, at six different time intervals
every 4 h throughout a 24-h cycle starting at 0900 h.
Blood was collected from the trunk wound in heparinized
tubes and was centrifuged at 1500 × g for 15 min. The
plasma was collected and stored at -20°C until further
analysis.
Plasma prolactin, FSH and LH levels were measured by a
homologous specific double antibody RIA, using materi-
als kindly supplied by the NIDDK's National Hormone
and Pituitary Program. The intra- and interassay coeffi-
cients were 6–8%. Sensitivities of the RIAs were 45, 9 and
45 pg/mL for prolactin, FSH and LH using the NIDDK rat
prolactin RP-3, rat FSH-RP-2 and rat LH-RP-3, respec-
tively. Results were expressed as ng/mL for prolactin and
as pg/mL for FSH and LH [17,18]. Plasma testosterone
levels were measured by using a commercial kit (ICN
Pharmaceuticals, Inc., Costa Mesa, CA, USA). Sensitivity
of the assay was 0.2 ng/mL and the intraassay coefficient
of variation was 5%, as previously described [17]; results
were expressed as ng testosterone/mL.
Statistical analysis of results was performed by a two-way
factorial analysis of variance (ANOVA). Generally, the
analysis included assessment of the group effect (i.e. the
occurrence of differences in mean values between isolated
and control rats), of time-of-day effects (the occurrence of
daily changes) and of the interaction between the two fac-
tors (manipulation and time, from which inference about
differences in timing and amplitude could be obtained).
Post-hoc Tukey-Kramer's multiple comparisons tests were
then employed to show which time points were signifi-
cantly different within each experimental group to define
existence of peaks. P values lower than 0.05 were consid-
ered evidence for statistical significance.
Results
Figure 1 shows the levels of prolactin throughout the day
in isolated and control rats. A factorial ANOVA for main
effects indicated a significant 74% decrease of circulating
prolactin in isolated rats (F1,75= 75.9, p < 0.00001) and
the occurrence of significant time of day changes (F5,75=
18.8, p < 0.00001). The maximum seen in control ani-
mals at the beginning of the activity span was no longer
detected in isolated rats (Fig. 1), as indicated both by a sig-
nificant interaction between time of day and the experi-
mental procedure in the factorial ANOVA (F5,75= 9.23, p
< 0.00001) and by post-hoc Tukey-Kramer's tests (Fig. 1).
Figure 2 depicts the changes in circulating FSH levels after
isolation of rats. Globally, this manoeuvre augmented
FSH levels by 64% (F1,79= 8.31, p < 0.005, factorial
ANOVA) with absence of significant changes as a function
of time of day (F= 1.95, p > 0.9). As shown in Fig. 3, this
pattern differed in the case of plasma LH levels, i.e. isola-
tion decreased circulating LH to 51% of controls (F1,78=
4.99, p < 0.03, factorial ANOVA) without any significant
effect of time of day (F= 1.41, p > 0.2) (Fig. 3). In compar-
ison with prolactin and testosterone, SEM for FSH and LH
values were high. No significant correlation between FSH
and concentration values was found, high FSH and LH
levels being distributed randomly among animals (results
not shown).
Figure 4 depicts plasma testosterone levels throughout the
day in normal and isolated rats. Isolation brought about aJournal of Circadian Rhythms 2004, 2 http://www.jcircadianrhythms.com/content/2/1/1
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34% decrease of plasma testosterone (factorial ANOVA,
F1,77= 58.8, p < 0.00001). Significant effects of time of
day (F5,77= 8.71, p < 0.00001) and a significant interac-
tion "time of day × treatment" occurred (F5,77= 21.9, p <
0.00001), i.e., the maximum in circulating testosterone
took place at 1700 h in controls and at 2100 h in isolated
rats and the decrease of plasma testosterone in isolated
rats was seen only during the light phase of daily photope-
riod (Fig. 4).
Discussion
Our results indicate that social isolation of young male
rats for 30 days brings about changes in the 24-h variation
of pituitary-testicular function. Overall, the secretion of
prolactin, LH and testosterone decreased whereas that of
FSH augmented in isolated rats. The maximum in prolac-
tin seen in group-caged rats at the beginning of the activity
span was not observed in isolated rats. In addition, the
maximum in circulating testosterone taking place at the
second part of rest span in controls was phase-delayed to
light-dark transition in isolated rats. A decrease of plasma
testosterone in isolated rats was seen only during the light
phase of daily photoperiod.
Solitary housing of usually social animals such as rats and
mice causes complex neurobiological changes. Socially
isolated animals exhibit a decrease in the electrical activity
of neurons within the hypothalamus and have lower basal
plasma corticosterone levels than do animals raised in
social conditions [10]. Although this could be interpreted
as indicating less psychosocial stress in isolation, individ-
ual housing of animals is associated with an increase in
aggression of males [10,19], hyperresponsiveness to sev-
eral stressors [12] and an increase in time spent attempt-
ing to escape and decrease in time spent sleeping and
feeding [13]. Decreases in plasma levels of prolactin were
found in subordinate hamsters after exposure to social
conflict [20] and in isolated male hamsters as compared
to hamsters with a family [21]. Therefore, the decrease lev-
els of plasma prolactin herein described after a 1-month
isolation of growing male rats agrees with the reported
modifications of prolactin seen in isolated hamsters [21].
The role of prolactin in males is yet far to be understood.
Prolactin is a versatile compound that has a dual function
– as a circulating hormone and as a cytokine. The prolac-
tin receptor is a member of the cytokine receptor
superfamily, linked to activation of signaling pathways
that promote cell growth and survival. Through these
mechanisms prolactin regulates diverse physiological
functions via its effects on cellular processes such as
Effect of isolation on 24-h changes of plasma prolactin con- centration in young male rats Figure 1
Effect of isolation on 24-h changes of plasma prolac-
tin concentration in young male rats. Groups of 6–8 
rats were killed by decapitation at 6 different time intervals 
throughout a 24 h cycle. Values at 0900 point are repeated 
on the "second" day. Bar indicates scotophase duration. 
Shown are the means ± SEM. Letters indicate the existence 
of significant differences between time points within each 
group after a Tukey-Kramer's multiple comparisons test, as 
follows: a p < 0.01 vs. 0900, 1300, 0100 and 0500 h. For fur-
ther statistical analysis, see text.
Effect of isolation on 24-h changes of plasma FSH concentra- tion in young male rats Figure 2
Effect of isolation on 24-h changes of plasma FSH 
concentration in young male rats. Groups of 6–8 rats 
were killed by decapitation at 6 different time intervals 
throughout a 24 h cycle. Values at 0900 point are repeated 
on the "second" day. Bar indicates scotophase duration. 
Shown are the means ± SEM. For further statistical analysis, 
see text.Journal of Circadian Rhythms 2004, 2 http://www.jcircadianrhythms.com/content/2/1/1
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proliferation, differentiation, and cell survival [22,23]. In
addition, prolactin may represent a peripheral regulatory
factor for reproductive function in males, and/or a feed-
back mechanism that signals CNS centers controlling sex-
ual arousal and behavior. For example, studies on sexual
hormonal response in males demonstrated that plasma
prolactin concentrations are substantially increased for
over 1 h following orgasm in men but unchanged follow-
ing sexual arousal without orgasm [24]. Evidence exists
for a brain prolactin receptor-mediated anxiolytic action
and for inhibitory actions on the reactivity of the hypoth-
alamic-pituitary-adrenal axis and the neurohypophysial
oxytocin system [25]. Known relationships also exist
between prolactin and the expression of mammalian
paternal behavior [26]. Hyperprolactinemia in males
induces hypogonadism by inhibiting gonadotropin-
releasing hormone pulsatile secretion and, consequently,
FSH, LH and testosterone release. This leads to sperma-
togenic arrest, impaired motility, and sperm quality and
results in morphologic alterations of the testes similar to
those observed in prepubertal testes [27].
The present results on decreased prolactin levels in iso-
lated male rats disagree with the previously reported
increase in prolactin levels in a similar psychosocial stress
paradigm [16]. Some conditions of the experiments, like
the age of rats, i.e., growing rats in this study vs. adult rats
in the study by Gambardella and colleagues, could
explain this discrepancy.
The changes in gonadotropin secretion found in isolated
rats include a decrease of plasma LH and an increase of
plasma FSH levels. The reduction in circulating LH was
accompanied by a concomitant reduction of testosterone.
Since FSH levels augmented in isolated rats, the possible
decrease of testicular inhibin should be considered [28].
Further studies are needed to document this point.
Temporal organization is an important feature of biologi-
cal systems and its main function is to facilitate
adaptation of the organism to the environment [29]. The
daily variation of biological variables arises from an inter-
nal time-keeping system, and the major action of the
environment is to synchronize this internal clock to a
period of exactly 24 h. The light-dark cycle, food, ambient
temperature, scents and social cues have been identified
as environmental synchronizers or "Zeitgebers" in rats
[29,30]. Stress is also capable of perturbing temporal
organization by affecting the shape and amplitude of a
rhythm or by modifying the intrinsic oscillatory mecha-
Effect of isolation on 24-h changes of plasma LH concentra- tion in young male rats Figure 3
Effect of isolation on 24-h changes of plasma LH con-
centration in young male rats. Groups of 6–8 rats were 
killed by decapitation at 6 different time intervals throughout 
a 24 h cycle. Values at 0900 point are repeated on the "sec-
ond" day. Bar indicates scotophase duration. Shown are the 
means ± SEM. For further statistical analysis, see text.
Effect of isolation on 24-h changes of plasma testosterone  concentration in young male rats Figure 4
Effect of isolation on 24-h changes of plasma testo-
sterone concentration in young male rats. Groups of 
6–8 rats were killed by decapitation at 6 different time inter-
vals throughout a 24 h cycle. Values at 0900 point are 
repeated on the "second" day. Bar indicates scotophase dura-
tion. Shown are the means ± SEM. Letters indicate the exist-
ence of significant differences between time points within 
each group after a Tukey-Kramer's multiple comparisons 
test, as follows: a p < 0.01 vs. all time points. For further sta-
tistical analysis, see text.Journal of Circadian Rhythms 2004, 2 http://www.jcircadianrhythms.com/content/2/1/1
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nism itself. In particular, social stress in rodents has been
found to cause disruptions of the body temperature, heart
rate and locomotor activity rhythms [31-33].
Further experiments are needed to assess whether the
changes in amplitude as well in timing of 24-h rhythms of
prolactin and testosterone secretion seen in socially iso-
lated rats can be attributed to an effect on the endogenous
clock that modulates the circadian variation of pituitary
testicular hormones or to a masking effect on some out-
put(s) of the clock. Likewise, to what extent the differ-
ences between group- and single-housed rats in the
plasma levels of the various hormones can affect repro-
duction or the immune response should be further
explored. Our results concerning FSH plasma levels indi-
cate that the increase in secretion induced by isolation is
several fold larger than the daily variation in group-
housed animals (Fig. 2), which suggests that measure-
ments of FSH secretion in isolated animals may misrepre-
sent natural pituitary function in this species.
Conclusions
Secretion of prolactin, LH and testosterone decreases, and
secretion of FSH increases, in isolated rats. The maximum
in prolactin seen in group-caged rats at the beginning of
the activity span is not observed in isolated rats. The max-
imum in circulating testosterone taking place at the sec-
ond part of the rest span in controls is phase-delayed to
the light-dark transition in isolated rats.
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